Cryo-imaging is an ex vivo vascular imaging modality that acquires serial 2D fluorescence and bright-field images at 20μm increments without sacrifice to tissue morphology. These features make Cryo-imaging an attractive approach for rendering high-resolution 3D volumes that may serve as a basis for finite element analysis (FEA) studies of plaque rupture. This work demonstrates the first use of Cryo-imaging for the imaging of a human coronary vessel and the subsequent ren-dering of a 3D FE model that clearly delineates critical anatomical features of atherosclerotic plaque. FEA is then performed to assess the plaque rupture conditions that result in a thrombotic episode.
Introduction
In Western countries, acute coronary syndromes (ACS) are the leading causes for hospitaliza-tion [1] . A major cause of ACS is plaque rupture which has been detected in 60 to 70 percent of cases [2] . Vulnerable plaques which are also referred to as thin cap fibroatheromas (TCFA) possess several histological characteristics-a thin fibrous cap (<65µm), a lipid pool, and in-flammation near the fibrous cap [3, 4, 5] . A silent atherosclerotic lesion ruptures when acti-vated macrophages, T cells, and mast cells produce molecules such as inflammatory cytokines, proteases, coagulation factors, radicals, and vasoactive molecules that weaken the fibrous cap [5] . Once the fibrous cap has been weakened, it is then subject to mechanical stressors which induce its rupture.
Investigation of the biomechanics of atherosclerosis has relied upon finite element analysis (FEA) for computing stress and strain distributions in hypothesized vascular cross-sections or more realis-tic morphology derived from histology of autopsy specimens [6] . FEA is a technique that allows re-searchers to go beyond simple image analysis. It allows for the rendering of accurate finite element models that represent the true geometry of the object being analyzed and enables the evaluation of the stress and strain distribution regardless of its geometric complexity [7] .
Histology currently serves as the gold standard for the determination of plaque composition and geometry [8] [9] [10] [11] . Histology offers excellent resolution and through the application of tissue-specific stains, can provide clear delineation of tissue composition [8] [9] [10] [11] . However, there are also several drawbacks associated with histology. During histology processing, the tissue shrinks and reforms from its natural shape. In addition, the manipulation of samples as thin as 5-10 µm may results in further warping, folding, and tearing of the tissue [7, 12] . As a result of the artifacts that may occur during histological processing, the accuracy of geometric models for biomechanical analysis is lim-ited.
Although histology-based FEA studies have offered valuable insight into the various mechanical stressors that induce plaque rupture, they have been limited to 2D analysis. Furthermore, con-structing 3D histology-based FEA models would not only require a large number of samples, but it would also be extremely expensive and time consuming. Moreover, accurately registering image slices taken by conventional histology to in-vivo vascular imaging modalities is also error prone.
A need for a more accurate approach to modeling the mechanical behavior of vulnerable plaques is critical to defining the conditions that induce plaque rupture. Therefore, a construction of 3D FEA models based on Cryo-imaging [12] is essential to carry out a meaningful analysis. In 2006, Cryo-imaging was introduced as a tool for the validation of intravascular imaging modalities. Cryo-imaging utilizes a large-specimen cryo-microtome with a mounted episcopic microscope and charge-coupled device (CCD) camera to obtain block face images of embedded frozen tissue samples [12] . Cryo-imaging acquires serial 2D fluorescence and bright-field images at 20 µm increments without sacrifice to tissue morphology. These features make cryo-imaging an attractive means for rendering high-resolution 3D volumes that serve as a basis for FEA studies of plaque rupture.
In this current study, we demonstrate the first use of Cryo for the imaging of a human coronary vessel and the subsequent rendering of a 3D finite element model that clearly delineates critical anatomical features of ather-osclerotic plaque. FEA is then performed in order to assess the plaque rupture conditions that result in a thrombotic episode.
Methods

Specimens
One left anterior descending artery (LAD) was obtained from human cadavers from the Cuyahoga County Cor-oner's office. After removal from the bodies, vessels were stored at 4 °C until Cryo-imaging was performed. Approval was obtained from the Case Institutional Review Board to work with all specimens in compliance with federal, state, and local laws.
where the vessel was clearly smooth and visible with no artifacts. A digital CCD camera (Retiga Exi, QImaging, Surrey, BC, Canada) attached to a stereo microscope (SZX12, Olympus, Tokyo, Japan) was used to capture images of the block face. A bright light illuminator was used for bright field images. Blue light excitation (460-490 nm) and green fluores-cent protein (GFP) emission (510nm) filters were used for to capture fluorescence images. Exposure times were 10 ms, (milliseconds), for bright-field imaging and 3000 ms for fluorescence imaging. Both images were obtained using the same RGB wheel (RGB-Slider, Q Imaging). White balance and exposure times were calibrated using a white sheet of paper and manufacturer software auto-calibration functions, respectively. Bright-field images were divided by the white image to correct for the uneven illumination. Per block face, one bright-field image then one fluorescence image was captured at the same magnification. A 20 µm slice was cut, and another set of images was taken of the new block face. This process was repeated across the length of the vessel in order to obtain a longitudinal volume of consecutive images. 
Visualization
The 2D fluorescent images were then imported into the software ScanIP [13] , where a 3D volume rendering of the complete image stack can be generated ( Figure 2 ). Adjusting the mapping of this volume rendering option allows unique high quality images to be generated prior to performing segmentation. Note that in Figure sac-rifice to tissue morphology which allow more precision and highly accurate 3D volume representation of the model.
Image Processing
The images then underwent segmentation to delineate the tissue components that are present in atherosclerosis. The following components were included in this study and have been previously validat-edvessel wall, lipid, calcium, and plaque [12] . The fluorescent fibrosis was segmented with ScanIP [13] using basic threshold segmentation, allowing the high intensity pixels of the fluorescent fibrosis to be delineated. The remaining regions (vessel wall, lipid and fibrous cap) required a combination of thresholding, floodfill, morphological filters, and Boolean operations between parts to segment the regions. It is important to note that these operations are applied over the entirety of the 2D image stack.
It should be noted that the image processing technique is applied in this study is fairly reproducible, a script can be generated with the software and customized to carry out the image processing with great simplicity. The process applied in creating the finite element mesh based on the image segmentation is very intense and quite complicated. Further, due to the proprietary nature, only a limited description is permitted about the algorithms used in the software to carry out the image processing and segmentation. Therefore, reproduction of other segments of the vessel samples are achievable and the technique is fairly straight forward once an initial sample is demonstrated. However, it should be noted that the potential for propagated error in the analysis is very minimal since each sample is a treated as new entity or a new model and segmentation adjustment is made accordingly to ensure that accuracy is preserved.
3-D Segmentation Rendering and Finite Element Mesh Generation
The image segmentation process was followed with the visualization of the 3D volume, Figure 3 , and then with finite element mesh generation. The aim was to take the verified segmentation of the artery test sample and generate a finite element multi-part mesh of the vessel indicating the layers of lipid and other materials. A cross section showing lipid, calcification, cholesterol, and components of the vessel wall can be seen in Figure 4 . ScanIP+FE [13] is used to generate a number of finite element meshes based on the 3D segmented image data [13] . The automated mesh generation of the multiple regions pre-serves interface conformity with shared nodes. The final finite element mesh consisted of 1,044,037 four nodes tetrahedral elements and 204,168 nodes, Figure 5 .
(a) Visualization model b) Finite element mesh The density of meshes generated in ScanIP+FE is closely connected to image resolution in order to explore the convergence of results (field parameters of interest); the image was down sampled to create two volumes of the vessel geometry in order to generate, respectively, high and low resolution models. An interesting point can be made here about image based models versus CAD models. In CAD models, the geometry of the model is assumed to be exact and mesh density is increased principally in order to obtain a better model of the field parameters of interest (say the stress field within a loaded structure). In contrast, both the response and the geometry of the system are approximated in image based models which is the case in this study.
By generating models based on increasing image resolutions, one not only improves the modeling of the re-sponse, but also the representation of the geometry (one effectively converges to the geometry). Hence, one can perform essentially a dual or coupled convergence study which will provide powerful arguments for the validity of the simulations as convergence of results demonstrates not only that the mesh is of sufficient density to capture the field parameter of interest but also, and as importantly, that the image resolution on which the model is based is high enough to capture relevant features in the scanned object.
Finite Element Analysis
FEA was carried out using Abaqus finite element code [14] . The numerical analyses were made under linear elastic conditions where the behavior of the material is defined by the two material constantsYoung's modu-lus and Poisson's ratio. Materials constants were obtained from Table1 [8] [9] [10] [11] [15] [16] [17] . Isotropic linear condi-tions were assumed where the modulus (E) and the poison's (P) ratio were assumed to be equal in all directions. R direction represents the properties in the radial direction, θ is the tangential direction and Z is along the length of the artery. Directions rθ, θz and zr are the in visual plane defined by each direction respectively. It was assumed that the lipids and calcifications were nearly incompressible because of the high water content in the case of lipids and high comparative stiffness in the case of calcifications. Boundary conditions included con-straining the vessel such that it was free to move along the Z-axis from one end and restrained from moving in the opposite end via symmetry constraint. This ensured that the coronary vessel structure mimicked a function-al entity within the human body. The loading conditions constituted applying the pressure load to the lumen of the vessel in 16 steps over the range of 0-16 KPa (0-120 mmHg). The static pressure was applied along the lu-minal wall representing the mean physiological blood pressure in the coronary arteries. 
Results and Discussion
The coronary artery obtained for the study was collected from a cadaver with a medical history indicative of severe atherosclerosis. The finite element mesh of vessel lumen was subjected to a maximum diastolic pressure of 16 KPa (120 mmHg) and the resulting stress and strain distributions were examined, Figure 6 .
As expected, the model displays corresponding regions of high and low stress throughout the diseased segment. The lipid pool exhibits low stresses because of its flexible and band-like nature which reduces the material's inherent capacity to carry much load. As a consequence of the lipid pool's inability to cope with high stress lev-els, the load applied by the diastolic blood pressure is distributed throughout other materials which collectively attempt to maintain a stable state. Regions of the vessel that exhibited greater stresses were the fibrous plaque, calcium, and segments of the vessel wall. In particular, high stresses are found along the fibrous plaque over-lying the lipid pool. Additionally, calcified regions exhibited higher stress levels compared to their lipid coun-terpart. Despite higher levels of stress and strain, overall plaque stability was not reduced indicating that calcification may play a role in the stabilization of vulnerable plaques. Another critical factor to atherosclerotic plaque stabil-ity is the overall thickness of the vessel wall. Areas with greater thickness also demonstrated lower levels of stress as a result of the distribution of applied pressure over a greater area. The region of highest stress was localized at the plaque shoulder which is the most common location of plaque rupture resulting in thrombotic episodes. This location is most susceptible to plaque rupture because it is the point in the lumen with the sharpest contour resulting in high focal stress concentrations.
Prior studies of human atherosclerotic materials have shown that thin fibrous caps tend to rupture when the static stress or yield strength exceeds 300 KPa [8] [9] [10] [11] [15] [16] [17] . This value is contingent upon both the thickness of the fibrous cap and the vessel diameter. The current model predicts an equivalent stress of 452 KPa which is 33% higher than the yield stress. The magnitude of the equivalent stress coupled with a cap thickness of ~200 μm indicates a high likelihood of plaque rupture. Figure 7 illustrates the rupture condition criteria per finite element results. Data for the maximum equivalent and lateral stresses at the cap section along the X (radial) and Y (circumferential) directions were plotted against the rupture strength of human atherosclerotic materials. It is clearly seen from the graph that the lateral stresses in the circumferential direction (through the cap thickness) along with equivalent stresses have ex-ceeded the rupture strength at a static pressure of nearly 11 KPa or 83 mmHg. Another representation of the stress state in the vessel is shown in Figure 8 which demonstrates a fringe plot of the critical region or the probable rupture site. In either direction whether the stresses are through Furthermore, the deformed shape of the vessel due to the pressure load is shown in Figure 9 . Figure 9 (a) represents the deformed shape without an exaggeration or magnification. It is noted that that the section la-beled as a probable rupture region is highlighted in the red color. This supports the data presented in the fringe plots shown in Figure 8 and reaffirm the location of the rupture site. a) Deformed artery b) Magnified of view of the deformed shape Figure 9 . Deformed Artery view of the rupture region. Figure 9 (b) highlights the vessel deformation shape and it shows the indentation at the soft part or the outward bulging region of the normal wall where the calcification site is present. It is further obvious from the figure that the direction of the rupture force is in the through thickness of the cap and it also demonstrates the severity of the rupture as a result of inflated diastolic pressures.
Thus, it can be concluded that in this study we have demonstrated the first use of Cryo-imaging for FEA. The methodology applied has established the "know how" technique to utilize a set of 2D cross-sectional images of sufficiently high resolution to perform advanced analytical modeling of human tissue using the latest available image segmentation algorithms. With these capabilities, several regions of interest that play a role in the overall biomechanical stability of atherosclerosis have been clearly defined. In addition, being able to expand this study into a 3D representation has allowed for the assessment of plaque rupture from several angles in order to pin-point high-risk regions throughout the vessel.
Despite the immense amount of detailed provided by the 3D model and subsequent FEA, there are several limitations that must be kept in mind. For example, the human body is a dynamic environment in which there are several factors that may contribute to overall plaque stability. In addition to biomechanical factors such as blood flow and individual plaque components, there are many molecular mechanisms that constantly remodel the vessel wall. These changes may contribute to strengthening or weakening the plaque. In this study, we were not able to take these molecular factors into account or segment transient components such as elastin or collagen which are thought to also play a role in plaque stability. Furthermore, it must be noted that the hemodynamic conditions inside blood vessels lead to the development of superficial stresses near the vessel walls, which can be divided into two categories; 1) circumferential stress due to pulse pressure variation inside the vessel; 2) shear stress due to blood flow. These conditions were not accounted for in these analyses, only the variation in the diastolic blood pressure was the key element in applying the load to the artery wall.
Lastly, it is crucial for the analyst to ensure that the modeling aspects deliver a true representation of the prob-lem being assessed. For example, extremely fine and/or locally refined meshes near external boundaries may be required in complex structures having many interfaces such as the lipid pool. This can be very computation-ally intensive and calculated data should be checked carefully to ensure that numerical instabilities are not present in the solution. In a simulation having numerical instability, the magnitudes of oscillations are inherently unpredictable resulting in potentially misleading data.
Conclusion
This study presents a novel approach for the rendering of advanced 3D models obtained from serial 2D Cryo images and a subsequent finite element analysis. Cryo-imaging carries the intended potential to help establish the groundwork for future ex vivo biomechanical investigations of plaque rupture. It is our hope that further validation of histological components of vulnerable plaques such as collagen, elastin, and possibly even com-ponents of inflammation such as macrophage may be included in future analysis. Moreover, being able to co-register images taken via Cryo to images taken by intravascular imaging modalities such as OCT would allow for in-depth comparison studies of rupture conditions in coronary vessels. Lastly, this research exercise outlays the foundation for future work where the prediction of rupture conditions in a three dimensional perspective is within clinical reach and applicability.
